Fox DK, Ebert SM, Bongers KS, Dyle MC, Bullard SA, Dierdorff JM, Kunkel SD, Adams CM. p53 and ATF4 mediate distinct and additive pathways to skeletal muscle atrophy during limb immobilization. Am J Physiol Endocrinol Metab 307: E245-E261, 2014. First published June 3, 2014; doi:10.1152/ajpendo.00010.2014.-Immobilization causes skeletal muscle atrophy via complex signaling pathways that are not well understood. To better understand these pathways, we investigated the roles of p53 and ATF4, two transcription factors that mediate adaptations to a variety of cellular stresses. Using mouse models, we demonstrate that 3 days of muscle immobilization induces muscle atrophy and increases expression of p53 and ATF4. Furthermore, muscle fibers lacking p53 or ATF4 are partially resistant to immobilization-induced muscle atrophy, and forced expression of p53 or ATF4 induces muscle fiber atrophy in the absence of immobilization. Importantly, however, p53 and ATF4 do not require each other to promote atrophy, and coexpression of p53 and ATF4 induces more atrophy than either transcription factor alone. Moreover, muscle fibers lacking both p53 and ATF4 are more resistant to immobilization-induced atrophy than fibers lacking only p53 or ATF4. Interestingly, the independent and additive nature of the p53 and ATF4 pathways allows for combinatorial control of at least one downstream effector, p21. Using genome-wide mRNA expression arrays, we identified p21 mRNA as a skeletal muscle transcript that is highly induced in immobilized muscle via the combined actions of p53 and ATF4. Additionally, in mouse muscle, p21 induces atrophy in a manner that does not require immobilization, p53 or ATF4, and p21 is required for atrophy induced by immobilization, p53, and ATF4. Collectively, these results identify p53 and ATF4 as essential and complementary mediators of immobilization-induced muscle atrophy and discover p21 as a critical downstream effector of the p53 and ATF4 pathways.
INJURIES AND ILLNESSES TYPICALLY INVOLVE
A PERIOD of immobilization that may be generalized (as in bed rest) or localized (as in limb casting). Immobilization can have therapeutic effects; for example, it can allow healing of a fracture. However, immobilization also has a deleterious consequence, skeletal muscle atrophy. When skeletal muscles are immobilized, they undergo disuse muscle atrophy. This causes weakness, which in turn delays recovery (2, 4) . Physical therapy is often employed to enhance recovery of muscle mass and strength but is frequently insufficient for complete recovery (15, 43, 45, 61) . Nutritional or pharmacological therapies to prevent muscle atrophy during immobilization would be ideal, but current approaches are often not effective enough to completely prevent muscle atrophy. Moreover, the development of new therapies is hindered by a lack of knowledge. Although immobilization-induced skeletal muscle atrophy is a common and serious problem in medicine and surgery, it is scarcely understood at the molecular level.
To better understand molecular mechanisms of immobilization-induced skeletal muscle atrophy, we recently investigated the role of activating transcription factor 4 (ATF4), an evolutionarily ancient basic leucine zipper transcription factor that mediates a wide variety of cellular stress responses (25, 46, 56) . In skeletal muscle, muscle disuse increases ATF4 expression (49) , and increased skeletal muscle ATF4 expression is sufficient to induce skeletal muscle fiber atrophy (18) . Furthermore, when mice lack ATF4 expression in skeletal muscle fibers, they undergo less skeletal muscle atrophy during limb immobilization (17) . Taken together, these findings indicate that ATF4 plays a key role in immobilization-induced muscle atrophy.
However, it is also clear that ATF4 is not the only mediator of immobilization-induced muscle atrophy. This conclusion is based on the finding that muscles lacking ATF4 are not completely resistant to immobilization-induced muscle atrophy (17) . The atrophy that occurs in the absence of ATF4 indicates the existence of at least one other essential pro-atrophy factor, which work(s) in concert with ATF4 to promote muscle atrophy during immobilization.
In the current study, we sought to identify an ATF4-independent factor that promotes immobilization-induced skeletal muscle atrophy. Because ATF4 is a fundamental mediator of cellular stress responses (25, 46, 56) , we reasoned that its counterpart might also be a fundamental mediator of cellular stress responses. From this perspective, the tumor suppressor p53 seemed an attractive candidate. Like ATF4, p53 is a stress-induced transcription factor that mediates cellular adaptations to stress (27, 39, 47) . In addition, there is evidence that p53 promotes skeletal muscle atrophy. For example, transgenic mice that globally express an activated p53 construct age prematurely, and this is accompanied by severe muscle atrophy (51) . Conversely, mice with a global loss of p53 expression are prone to cancer but resistant to cancer-induced skeletal muscle atrophy (52) . Furthermore, diverse muscle atrophy stimuli (muscle unloading, muscle denervation, aging, and Huntington's Disease) increase expression of p53 and p53 target genes in skeletal muscle, suggesting that p53 may play an important role in muscle loss in these settings (19, 20, 57-59, 63, 64) . Based on these considerations, we hypothesized that p53 might mediate the ATF4-independent pathway to skeletal muscle atrophy during limb immobilization.
MATERIALS AND METHODS
Mouse strains. C57BL/6 mice were obtained from the National Cancer Institute. All transgenic and knockout mice were on a C57BL/6 background. p53 f/f mice were obtained from Jackson Laboratories and are homozygous for a floxed p53 allele [exons 2-10 of the p53 gene are flanked by LoxP restriction sites (41) ]. p53-muscle knockout (mKO) mice were generated by crossing p53 f/f mice to transgenic mice expressing Cre recombinase under control of the muscle creatine kinase (MCK) promoter (8) . In studies of p53-mKO mice, control mice were p53 f/f littermates that lacked the MCK-Cre transgene. ATF4-mKO mice were described previously (17) and were generated by crossing mice homozygous for a floxed ATF4 allele (ATF4 f/f ) to MCK-Cre mice. In studies of ATF4-mKO mice, control mice were ATF4 f/f littermates that lacked the MCK-Cre transgene. p53/ATF4 double-mKO mice were generated by crossing p53 f/f and ATF4 f/f mice to generate mice homozygous for floxed p53 and ATF4 alleles (p53 f/f ATF4 f/f ) and then crossing p53 f/f ATF4 f/f mice to MCK-Cre mice. In studies of p53/ATF4 double-mKO mice, control mice were p53 f/f ATF4 f/f littermates that lacked the MCK-Cre transgene.
Mouse protocols. All animal procedures were approved by the Institutional Animal Care and Use Committee of the University of Iowa. All mice were 8-to 12-wk-old males. Mice were housed at 21°C in colony cages with 12:12-h light-dark cycles and provided ad libitum access to standard chow (Harlan-Teklad formula 7913) and water. Unilateral hindlimb immobilization was performed under isoflurane anesthesia using an Autosuture Royal 35W skinstapler (Tyco Healthcare). Briefly, the ankle joint and tibialis anterior muscle were immobilized by fixing the ventral side of the foot to the distal portion of the calf; the knee and hip joints remained mobile, and ambulation was impaired but not entirely prevented, as described previously (10, 17) . Forelimb grip strength was determined using a grip strength meter equipped with a triangular pull bar (Columbus Instruments), as described previously (34) . Transfection of mouse skeletal muscle with plasmid DNA was performed as described previously (18) .
Histological analysis of mouse skeletal muscle. Hematoxylin and eosin (H & E) stains and myosin ATPase stains were performed by embedding and freezing skeletal muscles in tissue freezing medium (Triangle Biomedical) and then preparing 10-m sections from the midbelly of the muscle with a Microm HM 505E cryostat. For H & E stains, muscle sections were fixed in ice-cold zinc formalin for 15 min before staining with a DRS-601 automatic slide stainer (Sakura). Myosin ATPase stains were performed as described previously (7, 16) . Briefly, muscle sections were incubated for 5 min in buffer A (50 mM sodium acetate and 30 mM barbital sodium, pH 4.3) to stain type I muscle fibers or incubated for 15 min in buffer B (20 mM barbital sodium and 18 mM CaCl2, pH 9.4) to stain type II muscle fibers. Sections were then incubated for 30 min in buffer C (20 mM barbital sodium, 9 mM CaCl 2, and 2.7 mM ATP, pH 9.4), followed by three 3-min washes with 1% (wt/vol) CaCl 2. Slides were then incubated for 3 min in 2% (wt/vol) CoCl 2, followed by three 1-min washes in deionized water. Slides were then incubated for 20 s in 1% (vol/vol) (NH 4)2S, followed by a 5-min wash in water. Slides were then dehydrated with ethanol, cleared with xylene, and mounted with solvent 100 (IMEB). H & E-and myosin ATPase-stained sections were imaged using an Olympus BX-61 automated upright microscope, and image analysis was performed with ImageJ. For visualization of green fluorescent protein (GFP) fluorescence, muscles were fixed in 4% paraformaldehyde (wt/vol) for 16 h, incubated in 30% sucrose for 24 h, embedded in tissue freezing medium, and then snap-frozen using a Stand-Alone Gentle Jane. A Microm HM 505E cryostat was then used to prepare 10-m sections from the midbelly of the muscle. Sections were then washed three times with PBS and mounted with Vectashield (Vector Laboratories). Sections were imaged on an Olympus IX-71 microscope, and image analysis was performed with ImageJ. Transfected fibers were defined as fibers having a mean fluorescence of Ն25 arbitrary units above background, as described previously (18) . For all muscle fiber measurements, the diameters of Ն200 muscle fibers per muscle were measured using the lesser diameter (minimal Feret diameter) method, as recommended elsewhere (16) .
Plasmids. p-wt-p53 encodes wild-type mouse p53 (NM_011640.3) under control of the cytomegalovirus (CMV) promoter. p-mut-p53 encodes mouse p53 with two point mutations (R270H and P275S) that disrupt DNA binding (13) under control of the CMV promoter. p-ATF4-FLAG was described previously (18) and encodes wild-type mouse ATF4 (NM_009716) with three copies of the FLAG epitope tag at the NH 3 terminus, under control of the CMV promoter. p-eGFP encodes eGFP under control of the CMV promoter. p-p21-FLAG was generated by amplifying the coding region of mouse p21 (NM_007669) from mouse muscle cDNA and then cloning into p3XFLAG-CMV10 (Sigma) to place three copies of the FLAG epitope tag at the NH 3 terminus. p-miR-control encodes both a nontargeting pre-miRNA and emerald green fluorescent protein (EmGFP) under control of the CMV promoter (17) . p-MiR-p21 #1 and p-MiR-p21 #2 were generated by ligating Mmi506259 and Mmi506257 oligonucleotide duplexes (Invitrogen), respectively, into the pcDNA6.2GW/ EmGFP miR plasmid (Invitrogen), which contains a CMV promoter driving cocistronic expression of engineered pre-miRNAs and EmGFP (Invitrogen).
Immunoblot analysis of mouse skeletal muscle. Skeletal muscles were snap-frozen in liquid nitrogen and homogenized in 1 ml of ice-cold homogenization buffer [50 mM HEPES, 4 mM EGTA, 10 mM EDTA, 15 mM sodium pyrophosphate, 100 mM ␤-glycerophosphate, Complete Mini protease inhibitor mixture (Roche Applied Science), 25 mM sodium fluoride, 1% (vol/vol) Triton X-100, and 1:100 dilution of phosphatase inhibitor cocktails 2 and 3 (Sigma)] (6) using a Tissue Master 240 (Omni International) for 1 min on setting no. 10. The muscle homogenate was rotated for 1 h at 4°C and then centrifuged at 16,000 g for 20 min at 4°C. An aliquot of the supernatant was used to determine protein concentration by the BCA method (Pierce), and another aliquot was mixed with 0.25 volume of sample buffer [250 mM Tris·HCl, pH 6.8, 10% SDS, 25% glycerol, 0.2% (wt/vol) bromophenol blue, and 5% (wt/vol) 2-mercaptoethanol] and heated at 95°C for 5 min. An equal amount of protein from each sample was subjected to SDS-PAGE and then transferred to Hybond-C extra nitrocellulose filters (Millipore). Immunoblots were performed at 4°C for 16 h using a 1:1,000 dilution of monoclonal anti-mouse p53 (no. 2524; Cell Signaling Technologies), a 1:4,000 dilution of monoclonal anti-mouse FLAG (no. F1804; Sigma), or a 1:1,000 dilution of monoclonal anti-mouse p21 (SC-6246: F-5; Santa Cruz Biotechnology).
Quantitative real-time RT-qPCR. Extraction of skeletal muscle RNA was performed using TRIzol solution (Invitrogen) and purified with Turbo DNA free kit (Ambion), as described previously (18) . Quantitative real-time RT-PCR (qPCR) was performed as described previously (18) using a High Capacity cDNA reverse transcription kit (Applied Biosystems). qPCR studies were performed with a 7500 Fast Real-time PCR System (Applied Biosystems) using p53, ATF4, and p21 Taqman Gene Expression Assays (Applied Biosystems). All qPCR samples were run in triplicate and the cycle threshold (CT) values were averaged. For data analysis the ⌬⌬CT method was utilized, with 36B4 mRNA serving as the invariant control.
mRNA expression arrays. Skeletal muscle RNA was extracted using TRIzol solution (Invitrogen) and then purified using the RNeasy kit and RNase Free DNase Set (Qiagen). RNA hybridization to Mouse Ref-8 version 2.0 BeadChip arrays (Illumina) was performed by the Southern California Genotyping Consortium (University of California, Los Angeles, CA). Briefly, purified RNA was quantified using a Ribogreen fluorescent assay and normalized to 10 ng/ul prior to amplification. RNA was then amplified and labeled (Ambion TotalPrep Kit), and cDNA was synthesized using robotic-assisted magnetic capture. Using the cDNA template, biotinylated cRNA was produced via an in vitro transcription reaction. Amplified and labeled cRNA was quantified (Ribogreen assay) and hybridized to Mouse Ref-8 version 2.0 BeadChip Arrays (Illumina) overnight at 58°C. Following hybridization, arrays were washed, blocked, stained, and dried (Little Dipper Processor). Arrays were scanned with an iScan reader, and data were extracted and analyzed with BeadStudio Software (Illumina).
Statistical analysis. For comparisons between two groups, paired t-tests were used for within-subject samples, and unpaired t-tests were used for independent samples. Comparisons involving multiple groups were analyzed by one-way ANOVA with Sidak's post hoc test.
RESULTS
Limb immobilization increases skeletal muscle p53 expression and induces skeletal muscle atrophy. Because the molecular mechanisms of immobilization-induced muscle atrophy are highly complex, we focused on a relatively short period of limb immobilization (3 days) to identify early events that initiate the atrophy process. Previously, we found that 3 days of limb immobilization induces skeletal muscle atrophy partly through induction of ATF4 (17) . To begin to investigate the potential role of p53, we tested the hypothesis that 3 days of limb immobilization might increase skeletal muscle p53 expression. To test this, we immobilized one hindlimb in mice, as illustrated in Fig. 1A . In each mouse, the contralateral hindlimb remained mobile and served as an intrasubject control. After 3 days of unilateral hindlimb immobilization, we examined bilateral tibialis anterior (TA) muscles. We found that immobilization increased the level of p53 (Fig. 1B) and decreased the size of TA muscle fibers, indicating muscle fiber atrophy (Fig. 1, C and D) . Furthermore, a time course study showed that p53 expression increased significantly within 1 day of immobilization and preceded muscle atrophy (Fig. 1E ). (50) . In each mouse, the contralateral TA was transfected with empty plasmid and served as a negative control. Both TA muscles remained mobile throughout the experiment. As expected, transfection of p53 plasmid increased p53 protein (Fig. 2A) . The increase in p53 protein (5.7 Ϯ 1.9-fold, P Յ 0.05) was similar to the increase in p53 protein that occurs with 3 days of hindlimb immobilization (5.0 Ϯ 0.9-fold; Fig. 1E ). Importantly, increased p53 expression induced muscle fiber atrophy (Fig. 2, B . eGFP served as a transfection marker and did not alter muscle fiber size (18) . Bilateral TAs were harvested 7 days posttransfection for further analysis.
A: an equal amount of protein from each muscle (100 g) was subjected to SDS-PAGE and immunoblot analysis with anti-p53 polyclonal IgG. Membranes were stained with Ponceau S to confirm equal loading. B and C: histological analysis of muscles. Representative images (B) and quantification of muscle fiber size (C). C, left: fiber size distributions; each distribution represents Ն1,600 fibers from 4 muscles. C, right: mean fiber diameters; each data point represents the mean diameter of Ն400 fibers from 1 muscle. Horizontal bars denote means Ϯ SE. P value was determined with a paired t-test. D-F: in C57BL/6 mice, 1 TA muscle was transfected with 20 g of p-mut-p53 plus 2 g p-eGFP, and the the contralateral TA (control) was transfected with 20 g of empty plasmid (pcDNA3) plus 2 g p-eGFP. Bilateral TAs were harvested 7 days posttransfection for further analysis. D: an equal amount of protein from each muscle (50 g) was subjected to SDS-PAGE and immunoblot analysis with anti-p53 polyclonal IgG. Membranes were stained with Ponceau S to confirm equal loading. E and F: histological analysis of muscles. Representative images (E) and quantification of muscle fiber size (F). F, left: fiber size distributions; each distribution represents Ն2,300 fibers from 6 muscles. F, right: mean fiber diameters; each data point represents the mean diameter of Ն450 fibers from 1 muscle. Horizontal bars denote means Ϯ SE. P value was determined with a paired t-test.
p53-mediated muscle fiber atrophy might require p53-mediated gene transcription, we tested a full-length, transcriptionally inactive p53 construct [p53(R270H/P275S); (13)]. Although p53(R270H/P275S) was highly expressed (Fig. 2D) , it did not induce muscle fiber atrophy ( Fig. 2 , E and F). Collectively, these data indicate that increased expression of transcriptionally active p53 in muscle fibers is sufficient to induce atrophy. p53 is partially required for skeletal muscle atrophy during limb immobilization. To test the hypothesis that p53 is required for muscle atrophy during limb immobilization, we generated and studied mice lacking p53 expression in differentiated skeletal muscle fibers (p53-mKO mice). We generated p53-mKO mice by crossing mice homozygous for a floxed p53 allele (p53 f/f mice) (41) to transgenic MCK-Cre mice, which express Cre recombinase in skeletal muscle fibers and heart but not satellite cells (8, 12) . As expected, the MCK-Cre transgene excised the floxed p53 allele in skeletal muscle and heart ( Fig. 3A ) and eliminated skeletal muscle p53 expression (Fig. 3B ).
p53-mKO mice were born at the expected Mendelian frequency and lacked any overt phenotype up to 15 mo of age, the longest period of observation. Careful comparisons of p53-mKO mice and littermate control mice revealed no baseline differences in total body weight, skeletal muscle weight, muscle histology, grip strength, heart weight, liver weight, kidney weight, or fat pad weight (Fig. 3, C and D) . Thus, p53 expression in fully differentiated (post-mitotic) muscle fibers is not required for skeletal muscle development or the maintenance of postnatal skeletal muscle mass during early and middle adulthood. Furthermore, the absence of p53 expression in muscle fibers does not induce muscle hypertrophy.
To test the hypothesis that p53 is necessary for immobilization-induced muscle atrophy, we subjected p53-mKO mice and littermate control mice to 3 days of unilateral hindlimb immobilization. We found that immobilization reduced muscle fiber diameter significantly in both littermate control mice and p53-mKO mice (Fig. 3, D and E) . However, p53-mKO muscle fibers underwent significantly less atrophy than control muscle fibers (Fig. 3, D and E). These results indicate that p53 is partially required for immobilization-induced skeletal muscle atrophy.
p53 and ATF4 induce muscle atrophy by independent mechanisms. In skeletal muscle, p53 appeared to resemble ATF4 in three important ways. First, p53 expression was increased by muscle disuse (Fig. 1 ) similarly to ATF4 expression (49) . Second, p53 was sufficient to induce skeletal muscle fiber atrophy (Fig. 2 ) similarly to ATF4 (18) . Third, p53-mKO muscles appeared normal under basal conditions but were partially resistant to immobilization-muscle atrophy (Fig. 3) , much like muscles that lack ATF4 (17) . These similarities suggested that p53 and ATF4 might be key components of the same molecular pathway to muscle atrophy.
To test this possibility, we performed complementation studies. We first tested whether ATF4 might be an essential downstream mediator of p53. To test this, we overexpressed p53 in muscles of ATF4-mKO mice, which lack skeletal muscle ATF4 expression secondary to MCK-Cre-mediated excision of a homozygous floxed ATF4 allele (17) . Importantly, under basal conditions, ATF4-mKO mice possess normal muscle weight, muscle histology, and strength (17) . In ATF4-mKO muscle, transfection of p53 plasmid increased p53 protein (Fig. 4A ) and caused muscle fiber atrophy (Fig. 4 , B and C), indicating that ATF4 is not required for p53-mediated muscle atrophy.
We next overexpressed ATF4 in p53-mKO muscles to determine whether p53 might be an essential downstream mediator of ATF4. The increase in ATF4 mRNA (1.3 Ϯ 0.1-fold, P Յ 0.05) was similar to the increase in ATF4 mRNA that occurred when wild-type mice were subjected to 3 days of hindlimb immobilization (1.4 Ϯ 0.2-fold, P Յ 0.05). Moreover, in p53-mKO muscle, transfection of ATF4 plasmid increased ATF4 protein (Fig. 4D ) and caused muscle fiber atrophy (Fig. 4, E and F) . These data indicate that p53 is not required for ATF4-mediated muscle atrophy. Thus, p53 and ATF4 induce muscle fiber atrophy by independent mechanisms.
p53 and ATF4 induce muscle atrophy by additive mechanisms. The functional independence of p53 and ATF4 suggested that p53 and ATF4 might have additive effects on muscle fiber size. As a first test of this hypothesis, we compared the effects of p53 expression, ATF4 expression, and coexpression of p53 and ATF4. Individually, p53 and ATF4 reduced muscle fiber diameter by similar amounts (Fig. 5, A and B) . However, the combination of p53 and ATF4 generated greater muscle fiber atrophy than either transcription factor alone, and the effect was additive (Fig. 5, A and B) .
As a second test of the hypothesis that p53 and ATF4 have additive effects on muscle fiber size, we compared p53-mKO mice and ATF4-mKO mice to double-knockout mice that lack both p53 and ATF4 in skeletal muscle (p53/ATF4-mKO mice). Relative to immobilized control muscles, immobilized p53-mKO muscles contained reduced p53 mRNA and a normal level of ATF4 mRNA, immobilized ATF4-mKO muscles contained reduced ATF4 mRNA and a normal level of p53 mRNA, and immobilized p53/ATF4-mKO muscles contained reduced levels of both ATF4 and p53 mRNAs (Fig. 6A) . Residual p53 mRNA in p53-mKO and p53/ATF4-mKO muscles is likely from satellite cells and nonmuscle cells, which do not express MCK-Cre (12) . Similar to the single-knockout mice (p53-mKO and ATF4-mKO), double-knockout mice (p53/ATF4-mKO) were born at the expected Mendelian frequency, appeared healthy, and were grossly indistinguishable from their wildtype littermates up to 15 mo of age, the longest period of observation. Furthermore, p53/ATF4-mKO mice lacked detectable baseline changes in body weight, muscle weight, muscle histology, grip strength, and heart, liver, and fat pad weight (Fig. 6, B and C) .
To determine whether p53 and ATF4 have additive effects on muscle fiber size during immobilization, we subjected the single-and double-knockout mice to 3 days of unilateral hindlimb immobilization. Consistent with previous results, p53-mKO muscles and ATF4-mKO muscles were partially resistant to immobilization-induced muscle fiber atrophy (Fig.  6D ) and immobilization-induced muscle loss (Fig. 6E) . Moreover, in the double-knockout mice (p53/ATF4-mKO) mice, there was an additive reduction in immobilization-induced muscle fiber atrophy (Fig. 6D ) and immobilization-induced muscle loss (Fig. 6E) (Fig. 7, A-C) . In addition, loss of either p53 or ATF4 partially protected type II fibers from immobilization-induced atrophy, and the combined loss of p53 and ATF4 provided complete protection of type II fibers from immobilization-induced atrophy (Fig. 7, A-C Identification of p21 as a skeletal muscle mRNA that is highly induced by immobilization via the combined actions of p53 and ATF4. Since p53 and ATF4 are transcription factors, we reasoned that they promote muscle atrophy by altering skeletal muscle gene expression. In previous studies, we used genome-wide mRNA expression arrays to determine the effects of ATF4 on muscle mRNA expression (17, 18) . To determine the effects of p53 on muscle mRNA expression, we Fig. 3 . p53 is partially required for immobilization-induced muscle atrophy. A-E: p53-muscle knockout (mKO) mice are homozygous for a floxed p53 allele (p53 f/f ) and possess the MCK-Cre transgene, which directs Cre recombinase expression to skeletal muscle fibers and heart. Control mice were littermates of p53-mKO mice that lacked the MCK-Cre transgene. A: PCR confirmation that MCK-Cre directs excision of the floxed p53 allele (p53 f ) in striated muscle of p53-mKO mice. Gastroc, gastrocnemius; Quad, quadriceps. B: control and p53-mKO mice were subjected to unilateral hindlimb immobilization for 3 days before bilateral TA muscles were harvested. An equal amount of protein from each muscle (100 g) was subjected to SDS-PAGE and immunoblot analysis with anti-p53 polyclonal IgG. Membranes were stained with Ponceau S to confirm equal loading. C: baseline analysis of control and p53-mKO mice. Data are means Ϯ SE from 8 mice/genotype. Muscle weights are combined weight of bilateral muscles. Fat pad weights are combined weights of bilateral epididymal, retroperitoneal, and scapular fat pads. P values were determined with unpaired t-tests. D and E: control and p53-mKO mice were subjected to unilateral hindlimb immobilization for 3 days before bilateral TA muscles were harvested for histological analysis. . p53 and activating transcription factor 4 (ATF4) induce muscle fiber atrophy by independent mechanisms. A-C: the experiments utilized ATF4-mKO mice, which lack ATF4 expression in skeletal muscle fibers (17) . In each mouse, 1 TA muscle was transfected with 20 g p-wt-p53 plus 2 g p-eGFP, and the the contralateral TA (control) was transfected with 20 g empty plasmid (pcDNA3) plus 2 g p-eGFP. Bilateral TAs were harvested 10 days posttransfection for further analysis. A: an equal amount of protein from each muscle (100 g) was subjected to SDS-PAGE and immunoblot analysis with anti-p53 polyclonal IgG. Membranes were stained with Ponceau S to confirm equal loading. B and C: representative images (C) and quantification of muscle fiber size (D). C, left: fiber size distributions; each distribution represents Ն800 fibers from 4 muscles. C, right, mean fiber diameters; each data point represents the mean diameter of Ն200 fibers from 1 muscle. Horizontal bars denote means Ϯ SE. D-F: the experiments utilized p53-mKO mice. In each mouse, 1 TA muscle was transfected with 20 g of p-ATF4-FLAG plus 2 g of p-eGFP, and the the contralateral TA (control) was transfected with 20 g of empty plasmid (pcDNA3) plus 2 g of p-eGFP. Bilateral TAs were harvested 10 days posttransfection for further analysis. D: an equal amount of protein from each muscle (40 g) was subjected to SDS-PAGE and immunoblot analysis with anti-FLAG monoclonal IgG. Membranes were stained with Ponceau S to confirm equal loading. Representative images (E) and quantification of muscle fiber size (F). F, left: fiber size distributions; each distribution represents Ն1,200 fibers from 5 muscles. F, right: mean fiber diameters; each data point represents the mean diameter of Ն200 fibers from 1 muscle. Horizontal bars denote means Ϯ SE. In C and F, P values were determined with paired t-tests.
used mRNA expression arrays that quantitated levels of 17,192 mRNAs. We began by searching for TA muscle mRNAs that were strongly upregulated (Ն2-fold) by 3 days of hindlimb immobilization in C57BL/6 mice. We identified 33 mRNAs (represented by 37 probes) that met these criteria (Fig. 8) . We then performed additional mRNA expression arrays to determine which of these 33 mRNAs were also 1) decreased in immobilized p53-mKO TA muscle relative to immobilized control TA muscle and 2) increased by p53 overexpression in mobile C57BL/6 TA muscle relative to mobile C57BL/6 TA muscle that was transfected with a control plasmid.
As expected, immobilization strongly induced mRNAs encoding several known mediators of muscle atrophy, including growth arrest and DNA damage-inducible 45␣ (Gadd45a), histone deacetylase 4, muscle RING finger 1, and muscle atrophy F-box/atrogin-1 (Fig. 8) . However, none of these mRNAs were decreased by loss of p53, and none were increased by p53 overexpression (Fig. 8) . In contrast, two skeletal muscle mRNAs were highly induced by hindlimb immobilization and also decreased by loss of p53 in immobilized muscle and increased by p53 overexpression. These two mRNAs encode p21 [also known as Waf1, Cip1, and cyclin-dependent kinase inhibitor 1a (Cdkn1a)] and the ␣1-subunit of the nicotinic acetylcholine receptor (Fig. 8) . Interestingly, p21 is a wellestablished p53 target gene (14, 21) , and p21 mRNA is highly induced during muscle atrophy (3, 5, 18, 19, 24, 29, 35, 37, 59, 63, 64) . In addition, p21 mRNA is regulated by ATF4, which is sufficient to increase p21 mRNA and p21 protein in mouse TA muscle (18) . Based on these considerations, we chose to investigate p21 as a potential downstream mediator of p53 and ATF4 in immobilized muscle.
Using qPCR, we confirmed that hindlimb immobilization increased p21 mRNA (Fig. 9A) . As expected, this increase in p21 mRNA was accompanied by an increase in p21 protein (Fig. 9B) . Likewise, p53 overexpression in nonimmobilized muscle increased p21 mRNA (Fig. 9C ) and p21 protein (Fig. 9D) , similar to the effects of ATF4 overexpression in nonimmobilized muscle (17) . qPCR analysis of p53-mKO muscle also confirmed that p53 was partially required for the induction of p21 mRNA during immobilization (Fig. 9E) .
Importantly, qPCR analysis of ATF4-mKO muscle showed that ATF4, like p53, was partially required for the induction of p21 mRNA during immobilization (Fig. 9E) . Furthermore, the combined loss of p53 and ATF4 in p53/ATF4-mKO muscle decreased p21 mRNA more than loss of either transcription factor alone, and the effect was nearly additive (Fig. 9E) . Collectively, these results indicate that immobilization increases p21 mRNA through the combined actions of p53 and ATF4. This suggested the hypothesis that p53 and ATF4 might promote muscle atrophy by increasing p21 expression.
Increased skeletal muscle p21 expression induces skeletal muscle atrophy. To test the hypothesis that p21 promotes muscle atrophy, we transfected TA muscles of C57BL/6 mice with a plasmid encoding p21. The contralateral TA in each mouse was transfected with empty plasmid, and both TA muscles remained mobile throughout the experiment. We found that transfection of p21 plasmid increased p21 protein (Fig. 10A ) and induced muscle fiber atrophy (Fig. 10, B and C) . Furthermore, and consistent with the finding that p21 lies downstream of p53 and ATF4, p21 induced muscle fiber atrophy in p53/ATF4-mKO muscles (Fig. 10, D and E) . Thus, p21 induces muscle fiber atrophy in a manner that does not require immobilization, p53, or ATF4.
p21 is required muscle fiber atrophy induced by immobilization, p53, and ATF4. To determine whether increased p21 expression is required for immobilization-induced muscle atrophy, we generated two artificial microRNA constructs (miRp21 #1 and miR-p21 #2) that target distinct regions of the p21 mRNA and specifically reduce p21 protein (Fig. 11A) . We then transfected the TA muscles of C57BL/6 mice with plasmids encoding either miR-p21 #1, miR-p21 #2, or a nontargeting control miRNA (miR-Control). Following transfection, we immobilized one TA in each mouse for 3 days before comparing muscle fibers from bilateral TAs. Neither miR-p21 construct altered fiber size in mobile muscles (Fig. 11, B and C) , consistent with the finding that p21 mRNA is low under basal conditions. However, both miR-p21 constructs reduced muscle fiber atrophy in immobilized muscles (Fig. 11, B and C) , indicating that p21 is required for immobilization-induced muscle atrophy.
To test the hypothesis that p21 is a critical downstream mediator of p53 and ATF4, we cotransfected mouse TA muscle with plasmids encoding p53 or ATF4 plus plasmids encoding miR-Control, miR-p21 #1, or miR-p21 #2. Both miR-p21 constructs significantly decreased muscle fiber atrophy caused by p53 (Fig. 12, A-D) and ATF4 (Fig. 12, E-H 
DISCUSSION
Immobilization-induced skeletal muscle atrophy is a common and serious condition, but its molecular mechanisms are not well understood. Previous work demonstrated that ATF4 contributes to immobilization-induced muscle atrophy (17, 18) . However, it was also clear that ATF4 is not the only factor involved, inasmuch as ATF4-deficient muscles are only partly resistant to immobilization-induced atrophy (Ref. 17 
6, D and E).
Thus, in the current study, we sought to identify an ATF4-independent factor that promotes skeletal muscle atrophy during immobilization.
Our results identify p53 as a key ATF4-independent mediator of immobilization-induced muscle atrophy. This conclusion is supported by our findings that 1) immobilization increases p53 expression; 2) p53 induces muscle fiber atrophy, even in the absence of ATF4; 3) combined expression of p53 and ATF4 induces more atrophy than either transcription factor alone; 4) loss of p53 expression in muscle fibers provides partial protection against immobilization-induced muscle atrophy; and 5) when coupled with loss of ATF4, loss of p53 provides nearly complete protection against immobilization-induced muscle atrophy. These results, in conjunction with previous work, indicate that immobilization increases expression of both p53 and ATF4, which mediate independent and additive pathways to skeletal muscle atrophy.
The independent and additive nature of the p53 and ATF4 pathways allows for combinatorial control of at least one downstream effector, p21. Using an unbiased approach, we found that immobilization strongly induces p21 mRNA in a manner that is dependent upon both p53 and ATF4. In addition, we found that p53, like ATF4 (18) , is sufficient to increase p21 mRNA and p21 protein in skeletal muscle. Furthermore, our data demonstrate that p21 is required for muscle fiber atrophy induced by immobilization, p53, and ATF4, and p21 is sufficient to induce muscle fiber atrophy in the absence of immobilization, p53, and ATF4. Thus, p53 and ATF4 jointly induce p21 expression during immobilization, leading to muscle atrophy.
Interestingly, loss of p53 and/or ATF4 expression in muscle fibers appears to have little if any effect on muscle development or the maintenance of muscle mass during early to middle adulthood. Similarly, RNAi-mediated knockdown of p21 expression does not alter muscle fiber size under basal conditions. These findings are consistent with the observation that p53, ATF4, and p21 are expressed at low levels under basal conditions, and their induction requires cellular stress. Thus, in the Fig. 7 . Immobilization induces atrophy of type II muscle fibers via the combined actions of p53 and ATF4. A-C: mice from the indicated genotypes were subjected to 3 days of unilateral hindlimb immobilization, and then bilateral TA muscles were sectioned and stained for myosin ATPase activity to distinguish type I and type II muscle fibers. Data are means Ϯ SE from Ն4 mice/genotype (Ն250 fibers/muscle analyzed). P values were determined with an unpaired t-test.
absence of a stress such as muscle immobilization, no phenotype is evident.
The way in which immobilization increases p53 remains to be determined. Our results suggest that immobilization increases p53 synthesis and/or decreases p53 turnover in muscle fibers. In other cell types, p53 synthesis can be augmented by several mechanisms that activate the p53 gene (28, 36, 48) , stabilize p53 mRNA (40, 62, 68) , and/or enhance translation of mRNA P
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Dual specificity phosphatase 13 Fig. 8 . Skeletal muscle mRNA transcripts that are Ն2-fold induced by immobilization and the effects of p53 overexpression and p53 gene deletion on those transcripts. C57BL/6 mice were subjected to 3 days of unilateral hindlimb immobilization, and then mRNA levels in bilateral TA muscles were analyzed with Mouse Ref-8 version 2.0 BeadChip arrays. In each mouse, mRNA levels in the immobilized TA were normalized to mRNA levels in the contralateral (mobile) TA, and P values were determined with paired t-tests (n ϭ 4 arrays/condition). Statistical significance was arbitrarily defined as P Յ 0.05. All mRNAs that were increased Ն2-fold by hindlimb immobilization (33 mRNAs represented by 37 probes) are shown. To determine the effects of p53 gene deletion on these mRNAs, p53-mKO mice and littermate control mice were subjected to 3 days of hindlimb immobilization, and then immobilized TA muscles were harvested and analyzed with Mouse Ref-8 version 2.0 BeadChip arrays. mRNA levels in immobilized p53-mKO muscles were normalized to mRNA levels in immobilized control muscles, and P values were determined with unpaired t-tests (n ϭ 3 arrays/condition). To determine the effects of p53 overexpression on these mRNAs, 1 TA muscle in C57BL/6 mice was transfected with 20 g of p-wt-p53, and the contralateral TA was transfected with 20 g of empty plasmid (pcDNA3). Three days later, bilateral TAs were harvested and analyzed with Mouse Ref-8 version 2.0 BeadChip arrays. mRNA levels in muscles transfected with p53 plasmid were normalized to mRNA levels in muscles transfected with control plasmid, and P values were determined with paired t-tests (n ϭ 4 arrays/condition). Shading indicates mRNAs that were Ն2-fold increased by immobilization, reduced by loss of p53, and increased by p53 overexpression.
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p53 mRNA (42, 60, 65, 67) . In addition, p53 turnover can be reduced by several mechanisms that decrease expression or activity of Mdm2 and related E3 ubiquitin ligases (33, 44, 53) . We speculate that muscle immobilization stimulates one or more of these mechanisms in muscle fibers, leading to increased p53 expression.
The mechanisms by which p53 and ATF4 increase p21 mRNA also require further investigation. It seems likely that p53 directly activates the p21 gene, given that p53 binds and activates the p21 promoter in other cell types (21, 22, 26, 38) . However, ATF4 is not known to directly regulate the p21 gene. Thus, it remains unknown whether ATF4 increases p21 expression by a direct or indirect mechanism. It is also important to note that the combined loss of p53 or ATF4 did not completely eliminate p21 mRNA in immobilized muscle. This may reflect the existence of other factors that contribute to p21 expression in immobilized skeletal muscle fibers. Alternatively, the residual p21 mRNA in immobilized p53/ATF4-mKO muscles may have arisen from satellite cells and nonmuscle cells, which do not express MCK-Cre and thus maintain p53 and ATF4 expression. Additional studies are needed to resolve this issue.
Understanding how p21 causes muscle atrophy is another important area for future study. Although p21 is a well-known cell cycle inhibitor (1), it seems unlikely that p21 promotes muscle fiber atrophy by inhibiting the cell cycle. During muscle atrophy, p21 specifically increases in the nuclei of skeletal muscle fibers (which are post-mitotic) but not in satellite cells (which have mitotic potential) (30) . Furthermore, the interventions we used in this study specifically targeted skeletal muscle fibers. Thus, it seems probable that p21 promotes muscle atrophy via cell cycle-independent mechanisms in skeletal muscle fibers. We speculate that these mechanisms may lead to cellular changes that are known to promote muscle atrophy, including reduced anabolic signaling, increased proteolysis, decreased protein synthesis, and impaired mitochondrial function. We also speculate that p21 may play an essential role in other types of skeletal muscle atrophy, since p21 mRNA is one of the most highly induced skeletal muscle mRNAs during aging (19, 29, 63, 64) , muscle denervation (5, 35) , fasting (18) , hindlimb unloading (59), amyotrophic lateral sclerosis (24) , and critical illness (3, 37) . Although p21 is a key downstream mediator of p53 and ATF4, it is also clear that p53 and ATF4 regulate many genes and promote muscle atrophy by additional mechanisms. For example, ATF4 also promotes muscle atrophy by activating the Gadd45a gene, and Gadd45a is sufficient to induce muscle fiber atrophy and partially required for muscle fiber atrophy during limb immobilization (17) . In the current study, we found that Gadd45a mRNA was the most highly induced mRNA in immobilized skeletal muscle, presumably because of the actions of ATF4. However, we also found that p53 is neither sufficient to increase Gadd45a mRNA nor required for immobilization-induced Gadd45a expression, a somewhat surprising result since p53 directly activates the Gadd45a gene in many other cell types (11, 31, 66) . In the setting of Huntington's disease, p53 increases skeletal muscle expression of caspase-6, which is thought to contribute to muscle atrophy (20) . Furthermore, in other cell types, p53 induces genes that could potentially play a role in . p21 induces muscle fiber atrophy in a manner that does not require immobilization, p53, or ATF4. A and C: in C57BL/6 mice, 1 TA muscle was transfected with 15 g p-p21-FLAG plus 2 g of p-eGFP, and the the contralateral TA (control) was transfected with 15 g of empty plasmid (pcDNA3) plus 2 g of p-eGFP. Bilateral TAs were harvested 7 days later for further analysis. A: an equal amount of protein from each muscle (40 g) was subjected to immunoblot analysis with anti-FLAG monoclonal IgG. Membranes were stained with Ponceau S to confirm equal loading. B and C: histological analysis. Representative images (B) and quantification of muscle fiber size (C). C, left: fiber size distributions; each distribution represents Ն2,500 fibers from 5 muscles. C, right: mean fiber diameters; each data point represents the mean diameter of Ն400 fibers from 1 muscle. Horizontal bars denote means Ϯ SE. D and E: TA muscles of p53/ATF4-mKO mice were transfected and harvested as in A-C. D: representative images. E: quantification of muscle fiber size. E, left: fiber size distributions; each distribution represents Ն1,200 fibers from 4 muscles. E, right: mean fiber diameters; each data point represents the mean diameter of Ն250 fibers from 1 muscle. Horizontal bars denote means Ϯ SE. C and E: P values were determined with a paired t-test.
skeletal muscle atrophy, such as the genes encoding sestrin 1 and sestrin 2 (9). Thus, in addition to p21, other genes contribute to the pro-atrophy effects of p53 and ATF4.
In the current study, we focused on a relatively short period of immobilization (3 days) to identify key triggers of the atrophy process. However, it will also be important to investigate the relative contributions of p53, ATF4, and p21 to muscle atrophy during longer periods of muscle immobilization. In a previous study, we found that ATF4-mKO mice undergo a normal amount of muscle atrophy with a longer period of immobilization (7 days) (17) , presumably because of compensatory mechanisms that are not yet known. The roles of p53 and p21 during longer periods of immobilization are also not yet known, although a previous study in quail muscle showed that p53 expression is induced after 7 days of immobilization and returns to baseline levels after 14 days of immobilization (57) .
Because the current study focused entirely on the TA muscle as a model system, it will also be interesting to explore the relative contributions of p53 and ATF4 to immobilizationinduced atrophy in other muscle types. There may be differences, as suggested by our finding that p53 and ATF4 promote atrophy of type II but not type I fibers and the previous finding that immobilization does not increase p53 and ATF4 in soleus muscle, which is composed primarily of type I fibers (32) .
In summary, the current study helps explain how immobilization-induced muscle atrophy occurs, and it opens several new avenues of investigation. In addition, the current study has potential implications for patients with immobilization-induced muscle atrophy due to injury or illness; optimal prevention and treatment of this condition may require interventions that effectively inhibit the p53 and ATF4 pathways.
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